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Abstract
Neutrino-induced pion production constitutes an important contribution to
neutrino-nucleus scattering cross sections at intermediate energies. A deep under-
standing of this process is mandatory for a correct interpretation of neutrino-oscillation
experiments. We aim at contributing to the ongoing effort to understand the various
experimental results obtained by different collaborations in a wide range of energies.
In particular, in this work we analyze recent MiniBooNE and MINERνA charged-
current neutrino 1-pi production data. We use a relativistic theoretical approach which
accounts for resonant and non-resonant 1-pi production contributions.
Most of the recent neutrino-nucleus scattering experiments work in the intermediate
energy region (incident neutrino energy from some hundreds of MeV to a few GeV) where the
quasielastic (QE) and the pion production channels are the dominant reaction mechanisms.
A good understanding of all possible channels involved in the reaction as well as accounting
for nuclear effects is essential to obtain a reliable reconstruction of the neutrino energy
and, consequently, to reduce systematic uncertainties in determining neutrino oscillation
parameters. The recent measurements on neutrino-induced pion production reported by
the MiniBooNE [1] and MINERνA [2] collaborations show that the current theoretical
predictions are not able to reproduce the experimental cross sections with the desired
accuracy. Additionaly, due to the increasing energies of the new generation of experiments
(Hyper-Kamiokande and LBNF) a thorough understanding of the pion production process
will be crucial in the near future.
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Figure 1: (a) Charged-current neutrino-induced 1-π-production process. (b) Diagrams
considered in this work for describing the 1-π production [3, 4]. From left to right and
top to bottom: ∆ pole (∆P), crossed delta pole (C∆P), D13 pole (DP), crossed D13 pole
(CDP), nucleon pole (NP), crossed nucleon pole (CNP), contact term (CT), pion pole (PP)
and pion-in-flight term (PF). In this work, X represents the W+ boson.
In this work, we focus on describing the process depicted in Fig. 1 (a). An incoming
neutrino with 4-momentum Kµν (εν,kν) interacts with a nucleus at rest P
µ
A(MA, 0) by
exchanging a single W+ boson given by Qµ(ω,q). The final state consists of a scattered
muon Kµµ (εµ,kµ) in the leptonic sector and a nucleon P
µ
N(EN ,pN), a pion P
µ
pi (Epi,ppi),
and the residual nucleus P µA−1(EA−1,pA−1) in the hadronic sector. We use the impulse
approximation (IA) to simplify the many-body problem, i.e., we assume that the W+ boson
couples to a single off-shell nucleon P µi (E,p) in the nucleus. For the description of the pion
production we consider the nine diagrams shown in Fig. 1 (b): the excitation and decay
of the ∆ [5] and D13 resonances [4], and the non-resonant contributions arising from the
Lagrangian density of the non-linear sigma model as described in Ref. [3].
We build the cross section following Ref. [5]. In the case of neutrino-nucleus scattering,
9 independent variables are needed to describe the scattering process. The cross section is
proportional to the invariant matrix element resulting from the contraction of the leptonic
(µlep) and hadronic currents (J
ν
had
):
d8σ
dEµdΩµdEpidΩpidΩN
∝
∑
|Mfi|
2 =
∑∣∣〈µ
lep
〉SWµν 〈J
ν
had
〉
∣∣2 ,
where SWµν represents the propagator of the W
+ boson. The leptonic current is described
using Dirac plane waves for the leptons. In our model the nucleon bound-state wave function
Uα,m(pi) is obtained in the Hartree approximation to the Walecka model [5] while the
outgoing nucleon u(pN , sN) is a relativistic plane wave. Thus, within the IA, the hadronic
current is given by
〈Jνhad〉 = u(pN , sN) Jˆ
ν Uα,m(pi) , (1)
2
where Jˆ ν represents the hadronic current operator which induces the transition between the
initial 1-nucleon state and the final 1-nucleon 1-π state. For this, we use the expressions given
in Refs. [3, 4] with the pion form factor in the NP, CNP, CT and PF terms as in Ref. [6]. The
process is described in a fully relativistic framework in which both kinematic and dynamic
relativistic effects are taken into account, and in-medium corrections for the bound nucleon
like Fermi motion, nuclear binding effects and Pauli blocking are naturally included. The
outgoing pion and nucleon are described as plane waves. Work on implementing final-state
interactions (FSI) for the outgoing hadrons is in progress. Finally, in the case of scattering
off free nucleons, both the incoming and outgoing nucleons are relativistic plane waves and
the cross section depends on 6 independent variables: d
5σ
dEµdΩµdΩpi
.
It is well known that the ∆ resonance is the dominant contribution to the 1-π production
process. The amplitude related to the dominant ∆P term [Fig. 1 (b)] is given by
〈Jµ∆〉 = u(pN , sN) Γ
α
∆piN S∆,αβ Γ
βµ
WN∆ Uα,m(pi) .
The ∆ production vertex (ΓβµWN∆) is parametrized in terms of the N∆ transition form
factors [5, 3, 7]. For the N∆ transition vector form factors, we use the prescription presented
in Ref. [8], where the form factors were fitted to electroproduction helicity amplitudes. The
N∆ transition axial form factors are tuned to fit BNL data [9] for the νµ+p −→ µ
−+p+π+
channel when only the contribution from the ∆-resonance is considered. Thus, in this work
we use CA5 (0) = 1.2,MA = 1.05 GeV [10]. A recent reanalysis of the ANL and BNL data [11]
brings both data sets closer to the original ANL one, therefore, one expects that using a fit
of CA5 (0) to this new data will reduce the computed cross sections presented in this work.
For the ∆ propagator S∆,αβ, we use the Rarita-Schwinger prescription which depends on the
∆-decay width
Γfree
width
(W ) =
(fpiN∆)
2
12πm2piW
(pcmpi )
3(M + EcmN ) .
We compute the ∆Nπ decay constant fpiN∆ using Γ
free
width
(W =M∆) = 120 MeV, this results
in the value fpiN∆ = 2.21. Finally, for the ∆ decay vertex we use Γ
α
∆piN =
fpiN∆
mpi
P αpi .
Inside a nucleus, the mass and the width of the ∆ resonance are modified. We use the
Oset and Salcedo [12] formalism to implement these medium modifications (MM):
Γfree
width
−→ Γin-medium
width
= ΓPauli − 2ℑ(Σ∆) , M
free
∆ −→M
in-medium
∆ =M
free
∆ + ℜ(Σ∆) ,
where
−ℑ(Σ∆) = CQE (ρ/ρ0)
α + CA2 (ρ/ρ0)
β + CA3 (ρ/ρ0)
γ ,
3
and ℜ(Σ∆) = 40 MeV (ρ/ρ0) . Explicit expressions for ΓPauli are given in Ref. [13]. Since we
are working in momentum space, we do not have access to the nuclear density ρ. For this
reason, we fix its value at ρ = 0.75 ρ0, with ρ0 = 17 fm
−3 the saturation density. Finally, we
modify the free ∆πN -decay constant (f∆piN) to take into account the E-dependent medium
modifications: f in-medium∆piN (W ) = f∆piN [(ΓPauli + 2CQE (ρ/ρ0)
α) / Γfree
width
]
1/2
.
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Figure 2: Total 1-π production cross sections as a function of neutrino energy. In panel
(a) our predictions are compared with ANL data [14] where a cut in the invariant mass
W < 1400 MeV is applied in both the data and the model. In (b) the cut in W is removed
and BNL data [9] are also included. In panel (c) we confront our results with MiniBooNE
data [1]. The results of Ref. [6] are shown as reference.
We compare our predictions with experimental data in Figs. 2-4. We have studied the
relative importance of various contributions to the cross sections: only ∆P term (denoted by
∆), ∆P + C∆P + non-resonant terms (denoted by ∆+NR), and the full model, including
the contribution of the D13 resonance (denoted by ∆+NR+D13 or full). In Fig. 2 (a) and
(b), our model is compared with BNL and ANL neutrino-deuteron 1-π production data.
In this case, we neglected the medium effects and FSI, i.e., we consider scattering off free
nucleons. Our results in Fig. 2 (a) are consistent with those in Refs. [3, 15]. We also present
the comparison of our predictions with recent MiniBooNE and MINERνA data. The total
MiniBooNE cross section is presented in Fig. 2 (c). Single and double differential MiniBooNE
and MINERνA cross sections for a variety of kinematics are shown in Figs. 3 and 4. In this
case, we show ∆P and full model cross sections. Also, the effect of MM on the cross sections
is investigated.
4
(a)
0 20 40 60 80 100 120 140 160 180
θ
pi
*
 (degrees)
0
1
2
3
4
5
dσ
/d
θ pi
*
 
(10
-
41
 
cm
2 /d
eg
re
e/
nu
cl
eo
n)
MINERvA
CH w/o MM (∆+NR+D13)
CH w MM (∆+NR+D13)
CH w/o MM (∆)
(b)
0 100 200 300 400 500 600 700
T
pi
 (MeV)
0
0.5
1
1.5
dσ
/d
T pi
 
(10
-
41
cm
2 /M
eV
/n
uc
le
on
) MINERvA
CH w/o MM (∆+NR+D13)
CH w MM (∆+NR+D13)
CH w/o MM (∆)
(c)
0 200 400 600 800 1000 1200 1400 1600 1800
Tµ (MeV)
0
10
20
30
40
50
dσ
/d
T µ
 
(10
-
39
cm
2 /G
eV
)
MiniBooNE
CH2 (w/o MM, ∆+NR+D13)
CH2 (w MM, ∆+NR+D13)
CH2 (w MM, ∆)
(d)
0 100 200 300 400 500 600 700
T
pi
 (MeV)
0
2
4
6
8
10
12
dσ
/d
T pi
 
(10
-
41
cm
2 /M
eV
)
MiniBooNE
CH2 (w/o MM, ∆+NR+D13)
CH2 (w MM, ∆+NR+D13)
CH2 (w MM, ∆)
Hernandez et al. (w MM, no FSI)
Figure 3: (a) and (b): Our predictions are compared with dσ/dθ∗pi and dσ/dTpi MINERνA
data [2], respectively. (c) and (d): dσ/dTµ and dσ/dTpi MiniBooNE data [1] are compared
with our predictions, respectively. In panel (d) we also show the result of Ref. [4] as reference.
Our main conclusions can be summarized as follows:
• In general, the shape of the data is well reproduced by the model.
• Non-resonant and D13 contributions are essential.
• MM reduce the ∆ cross sections by approximately 40-50%. This results in a reduction
of the full-model cross sections of approximately 20%.
• When MM are considered, our results are notably lower than Hernandez et al. [4]
(Fig. 3 (d)) and Sobczyk and Z˙muda [6] (Fig. 2 (c)). Also, we underpredict both
MiniBooNE and MINERνA data. This suggests that we should explore different ways
of implementing MM. Work on this is in progress.
• Other contributions to the cross sections such as the excitation of other resonances,
coherent pion production and processes involving more than 1π in the final state may
improve the agreement with data.
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Figure 4: We compare our calculations with MiniBooNE double differential cross sections [1]
as a function of the lepton variables (panel (a)) and pion variables (panel (b)).
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